We have analyzed the transduction pathways involved in the triggering of neural induction, in amphibian embryos, in vivo. Using a plasmid construction, we have targetted the bioluminescent calcium probe aequorin to the plasma membrane of ectoderm cells of the amphibian Pleurodeles waltl before gastrulation. We have demonstrated that the in vivo triggering of neural induction depends on the activation of calcium-dependent pathways and involves L-type calcium channels. Furthermore, on excised ectoderm taken at the gastrula stage, we show that noggin, a protein currently considered as one of the natural inducers, also activates L-type calcium channels. This activation represents the first necessary event to determine cells of the dorsal ectoderm toward the neural pathway.
Introduction
In amphibian embryos, development of the nervous system begins when the neural plate is formed on the dorsal surface of the embryo, after gastrulation is completed. The formation of the neural plate depends on a specific tissue interaction, termed neural induction, occurring between the dorsal mesoderm (inductive tissue or Spemann's Organizer) and the dorsal ectoderm which will give rise to neural tissue (see Gilbert and Saxen, 1993) . Until recent years, the nature of the operative neural inducer was unknown. Recently a secreted peptide, noggin, expressed in Spemann's Organizer at the right time for a neural inducing signal, has been isolated (Smith and Harland, 1992; Smith et al., 1993) . Noggin can mimic the effect of the Organizer and, in particular, can induce the expression of anterior neural genes from the ectoderm in the absence of dorsal mesoderm (Lamb et al., 1993) . Although recent data indicating that noggin may act by inhibition of bone morphogenetic proteins (BMPs) sig-* Corresponding author, e-mail: moreau@cict.fr nailing, transduction pathways used by noggin remain largely unknown (Zimmerman et al., 1996) .
Neural induction can be promoted in vitro by a number of heterologous inducers, including the lectin Concanavalin A (ConA) (Takata et al., 1981; Gualandris et al., 1983; Saxrn, 1989) . It is now well established that neural inductive molecules interact with structures located at the level of the plasma membrane (Born et al., 1986) and that transducing signals connect this binding to nuclear events, i.e. to neuralspecific gene expression (Kintner, 1992) . Induction of neural tissue in vitro has been obtained using phorbolesters, indicating that protein kinase C (PKC) may be involved (Otte et al., 1988; Otte and Moon, 1992) .
Recently, we have focused our attention on the role played by calcium in the transduction of the neuralizing signal, since this ion appears to be developmentally significant for the control of neuronal differentiation (Spitzer, 1995) and we proposed that calcium may relay the neuralizing signal at the membrane level in cells of the dorsal ectoderm. Thus, in Pleurodeles waltl embryos (a salamander with a slow ontogenic development and which does not present autoneuralization during in vitro experiments on animal caps, in contrast to Ambystoma for example), we studied the transduction pathways of a neuralizing signal elicited in vitro by the heterologous inducer concanavalin A or by Spemann's Organizer (Moreau et al., 1994) . In this Urodele, we observed that: (i) functional L-type calcium channels (dihydropyridine-sensitive) are transiently expressed in dorsal and ventral ectoderm cells from pregastrula up to late gastrnla stages , such expression is also found in Xenopus gastrula (DrEan et al., 1995) ; (ii) in these cells an internal calcium ([Ca2+] i) increase provoked by the activation of L-type calcium channels occurs following ConA-mediated neural induction; (iii) such an increase appeared as a necessary and sufficient requirement for induction since neural induction provoked either by Spemann's Organizer or by ConA is totally blocked in ectoderm cells preloaded with the potent calcium chelator BAPTA. This also indicates that the direct relationship observed between [Ca 2 +]i increase and neural induction is not restricted to non-physiological neuralizing factors (Moreau et al., 1994) . However, this work was performed in vitro and there was no direct evidence concerning an eventual implication of calcium-dependent pathways during normal neuralization in vivo or following the action of noggin.
One easy way to measure calcium concentration in cells involves the use of fluorescent probes. Unfortunately, such probes are not suited to examine calcium movements in developing embryos since short wavelength illuminations are harmful to further development (Youn and Malincinski, 1981) . Therefore, we developed a new strategy based on the use of recombinant aequorin, a calcium-sensitive photoprotein (Cobbold and Rink, 1987) . The expression of the cDNA for apoaequorin in a variety of cell types, followed by the subsequent reconstitution of aequorin by adding the luminophore coelenterazine, represents a powerful advance in [Ca 2+] measurements (Inouye et al., 1985; Prasher et al., 1985; Tsuji et al., 1986; Rizzuto et al., 1992; Badminton et al., 1995) . This allowed us (i) to directly target the calcium-sensitive probe to the embryonic tissue of interest, i.e. ectoderm; and (ii) to measure [Ca2+]i variations without disturbing embryonic development.
Results

Evolution of [Ca2+]i, in dorsal ectoderm, during gastrulation
We have produced a plasmid containing the gene of aequorin fused in frame at its 5" end to the 5HT1A receptor gene (pRSV-5HTr/Aeq), in order to target the fusion protein to the cell plasma membrane (Daguzan et al., 1995) .
In order to allow aequorin expression at the fight place and at the right stage of development, the pRSV-5HTr/Aeq was microinjected in polar location, in dorsal micromeres of Pleurodeles waltl embryos at the eight-cell stage. Under these conditions, aequorin expression was specifically obtained in the plasma membrane of dorsal ectoderm cells at the gastrula stage, the tissue where neural induction takes place (Cleine and Slack, 1985) . This specific localization was controlled by immunocytochemistry according to a procedure described elsewhere (Daguzan et al., 1995) . The polar location of the microinjection avoids expression of the apoaequorin in the mesoderm; in fact, no significant immunostaining was observed in the mesoderm (data not shown).
At 18°C, 16-18 h after microinjection, the embryos have reached the late blastula stage (stage 7, according to the developmental table of Gallien and Durocher, 1957) .
Ten injected embryos were monitored under the window of a photomultiplier in a luminometer, during 20 h, from stage 8 to stage 11 (Fig. 1A) . During the course of gastrulation light emission increased gradually, reflecting an increase in [Ca>] i, the maximum being reached for stages 8b-9, 10 h after the onset of gastrulation, when neural induction has occurred, i.e. when dorsal mesoderm involutes beneath the ectoderm. After stage 9, [Ca2+]i decreased gradually and returned to the resting level found at stage 7. This was not due to a decrease in aequorin concentration but to a significant physiological process, since mechanical disruption of the embryo at stage 11 (end of gastrulation) triggered an important increase in light emission.
Interestingly, we observed the evolution of [Ca2+]i in four pRSV-5HTr/Aeq-injected embryos which underwent spontaneous exogastrula (Fig. 1B) . Under these conditions, no variation of [Ca2+] i took place, demonstrating that [Ca2+] i increase occurs only during normal gastrulation.
To control the possible non-specific [Ca2+]i due to basic morphogenetic events, the plasmid was injected in polar position in ventral micromeres, leading to aequorin expression only in ventral tissues. In vivo, neural induction never occurs in the ventral ectoderm, although this tissue exhibits neural competence (Spemann and Mangold, 1924) . In these conditions, as shown in Fig. 1D , no detectable light emission was obtained. Again, mechanical disruption of the ectoderm triggered an important light flash, demonstrating that aequorin concentration was not limiting.
We next documented whether this [Ca2+] i increase was mediated by the activation of calcium channels which, as shown above, operate during neural induction in vitro (Moreau et al., 1994) . In order to inhibit calcium movements, the use of external calcium-free medium is excluded since it triggers a complete dissociation of the embryo (Grunz and Tacke, 1989; Saint Jeannet et al., 1990) . Thus, we used a potent antagonist (nimodipine) to block L-type calcium channels and we have demonstrated previously that this dihydropyridine is efficient to inhibit neural induction in vitro (Moreau et al., 1994) . When gastrulation occurred in a medium containing 10/~M nimodipine, no variation of the [Ca2+] i resting level was recorded (Fig. 1C) , suggesting that calcium does enter in ectoderm cells of the embryo through such channels.
It is noteworthy that in nimodipine-treated embryos, nervous tissue developed but this was accompanied by gross morphological disturbances, especially in the anterior part of the nervous system (data not shown). Whether these malformations are due to incomplete neural induction or to nonspecific effects of this pharmacological agent remains to be established.
Effect of noggin on [Ca2+]i in competent ectoderm cells
Harland, 1992; Smith et al., 1993) added to the external medium, [Ca2+] i rose in less than 3 min, reaching after 5-15 min a maximal amplitude corresponding to 10-15% (mean + SEM: 12.7 + 2.5%; n = 10) of the resting [Ca2+]i (see Section 4 for details of measurements). The entire phase of the surge lasted for about [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] i increase was observed when noggin was denaturated by cycles of freeze-thawing or boiled for 60 min (inset of Fig. 2A ). Fig. 2B shows pseudocolors calcium imaging, corresponding to frames extracted from the kinetics at definite times. In animal caps noggin triggers an increase in intracellular free calcium in at least 96% of ectoderm cells. Nevertheless, these pictures suggest that [Ca2+]i is not equivalent in all cells. In fact in each cell the [Ca2+]i resting level is variable and the level attained during stimulation does not depend on the initial value.
To determine the origin of the increased [Ca 2 +]i provoked by noggin, ectoderms were preincubated with nimodipine, which is a specific antagonist of L-type calcium channels (10/~M, 30 min). As shown in Fig. 2C , this treatment inhibited by about 80-95% the noggin-dependent stimulation in [Ca2+]i increase (n = 11), indicating that noggin may act via L-type calcium channels. Nevertheless, other sources of calcium may be involved.
Specificity of the inhibition by DHP
These experiments were performed on a tissue and not on cell cultures. The accessibility of drugs to their site of action is weak. It is difficult to apply concentration of DHP used on cell cultures (200-300 nM) and we need to use concentrations of nimodipine greater than micromolar to obtain a significant result. However, a non-specific effect of DHP at micromolar dose has been suggested, particularly on K ÷ channels activation (Valmier et al., 1991; Fagni et al., 1994; Mlinar and Enyeart, 1994) . In order to test this hypothesis, the previous experiment, i.e. stimulation by noggin of the animal cap preincubated with nimodipine, was reproduced in K+-free medium. As shown in the inset of Fig. 2C , the results were similar to those obtained in a complete medium, therefore demonstrating that the effect of DHP observed is on L-type calcium channels.
To determine a possible relationship between the neuralizing signal elicited by noggin and L-type calcium channels, we studied calcium movements in competent ectoderm explants stimulated by noggin. Calcium measurements were performed by emission microspectrofluorimetry, using the calcium fluorescent probe Fluo-3AM as described by Moreau et al. (1994) . Fig. 2A is a typical recording of ten experiments, which corresponds to fluorescence increase on the illuminated field. The surface analyzed corresponded to a field of 200 /~m × 200/~m and contained about 70-80 cells. In response to an inducing concentration of noggin 1/zg/ml (Smith and
Discussion
Time-specific expression of aequorin within a developing embryo, via a plasmid, constitutes an interesting and powerful new tool to study the implication of calcium-dependent pathways during in vivo development, without disturbing developmental processes.
In the present work we have used this strategy to demonstrate that calcium-dependent pathways are activated, in the presumptive ectoderm, during gastrulation of the amphibian embryo Pleurodeles waltl. During gastrulation, [Ca2+]i increases gradually, the maximum being recorded at stage 9, the time at which neural induction normally occurs in this species. The transient response observed is not due to a total consumption of aequorin in the responding cells• Two evidences ruled out this possibility. First, mechanical disruption of the embryo after the completion of gastrulation triggered an important increase in light emission• Second, in vitro, we observed that the natural neural inducer triggers a calcium increase in at least 96% of the animal cap cells, therefore eliminating the possibility that the transient calcium surge was due to only a subpopulation of the aequorin-expressing ectodermal cells.
We have already pointed out the role played by ionic events on isolated animal caps (Moreau et al., 1994) . Particularly, we have demonstrated, in vitro, that an increase in [Ca2+]i occurring via L-type calcium channels is a direct cause and not a consequence of the triggering of neural induction. Here we clearly show that, in vivo, calcium entry occurs primarily via L-type calcium channels as demonstrated by an inhibition of [Ca2+]i increase by nimodipine. Furthermore, the time course of the variation of [Ca2+] i measured with aequorin is tightly correlated with the time course of expression of L-type channels on the ectoderm of Pleurodeles waltl , further substantiating the idea that calcium movements during gastrulation occur through these channels• T h a t [Ca2+]i is essential in triggering neural induction in vivo is supported by the following facts. (i) No significant [Ca:+]i increase was recorded in the ventral ectoderm which further differentiates into epidermis. In vivo, neural induction does not occur in this region, although this ectoderm region, respectively, has the ability to be induced (Spemann and Mangold, 1924) and expresses L-type calcium channels on its surface membrane . (ii) Nimodipine, which is a specific antagonist of L-type calcium channels, inhibits calcium increase and provokes dramatic alterations in the anterior part of the nervous system (data not shown). (iii) In urodeles, it is known that planar signals from the dorsal mesoderm into the dorsal ectodermal part are excluded (Grunz et al., 1995) . When spontaneous exogastrulations occur, no transversal signal from the mesoderm is able to act. In these conditions, in urodeles neural induction is always absent (Holfreter, 1933) and no [Ca2+]i increase was recorded. (iv) Noggin, currently considered as one of the natural neural inducers, activates calcium-dependent pathways on isolated competent ectoderms. Noggin may act at least on two separate calcium pathways, since blocking L-type calcium channels fails to inhibit totally the [Ca2+]i increase. Consequently, noggin may also activate, either directly or indirectly, an internal calcium release. In fact, we have already demonstrated that ryanodine-sensitive Ca 2÷ stores are present in competent ectoderm cells and that emptying these stores with caffeine is sufficient to trigger neural induction in vitro (Moreau et al., 1994) . On the other hand, noggin might also act on inositol triphosphate-sensifive calcium stores. All these types of releasable Ca 2÷ stores could constitute an internal relay for the long lasting action of noggin.
Transduction pathways used by noggin remain unknown. Among hypothesis proposed, it seems that noggin acts by antagonizing signalling by bone morphogenetic proteins (BMPs). Particularly, noggin blocks the binding of BMP4 to its receptor (Zimmerman et al., 1996) . In these conditions neural induction would result from an inhibition of epidermal determination which requires an intact BMP signalling. This, combined with the results presented in this article, may suggest that the binding of BMPs to their receptors inhibits calcium-dependent pathways. This is supported by previous experiments performed in vitro where we have shown that ectoderm cells loaded by the calcium chelator BAPTA failed to be neuralized either by a heterologous neural inducer such as ConA or by the Spemann Organizer. In these conditions the ectoderm differentiates only into epidermis (Moreau et al., 1994) .
Experimental procedures
Embryos
Pleurodeles waltl embryos were obtained by natural mating. Developmental stages were designated according to Gallien and Durocher (1957) . Dejellied embryos were maintained in Holfreter medium: NaC1 60 mM; KC1 0.67 mM; CaC12 0.88 mM; Tris 5 mM (pH 8.5).
For in vitro experiments, explants of competent ectoderm of Pleurodeles were prepared as previously described (Gualandris et al., 1983) . To prevent explants from rounding up they were maintained in a gold folding microscopy grid (diameter 3.5 mm, fields 200 tzm x 200/~m; Pelanne instruments, Paris, France).
Xnoggin preparation
Xnoggin was purified from culture medium conditioned by the B3 cell line of Chinese hamster ovary cells (CHO), kindly provided by Dr. Richard Harland, according to the protocol described by Lamb et al. (1993) . Xnoggin was purified at 57 /zg/ml in water, aliquoted and stored at -80°C. In experiments noggin was used at 1 /zg/ml.
Plasmid construction
The whole cDNA of 5-HTIA receptor, coding for a plasma membrane protein, was engineered onto the 5' end of the aequorin cDNA according to standard procedures (Sambrook et al., 1989) . Briefly, this new plasmid was constructed in a RSV vector carrying aequorin cDNA. This starting plasmid (pRSV-Aeq) was modified by creating a new restriction enzyme site by inserting a polylinker at the 5' end of the aequorin gene. In this new site, the 5-HT1A receptor was inserted and ligated. The correct orientation of the insert was verified by digestion mapping and PCR analysis. The full plasmid (pRSV-5HTr/Aeq) contained 6262 base pairs (Daguzan et al., 1995) .
Emitted light measurement
Functional aequorin was reconstituted by incubation of the whole embryo in a buffer containing EDTA and 2.5/zM coelenterazine (Molecular Probes) as described previously (Daguzan et al., 1995) . The embryo was placed in a small hemolysis vessel containing 1 ml of buffer of the following composition: 60 mM NaC1; 0.67 mM KC1; 0.1 mM CaC12; 5 mM Tris (pH 8.5). The container was placed in a luminometer equipped with a R374 photomultiplier powered under 1000 V DC. Following the calcium surge, an emitted light, of which intensity is proportional to the change in [Ca2+]i, can be detected and measured with the photomultiplier. The measure of light intensity was sampled every 2 min.
We have verified that light emission is specific of the binding of aequorin with calcium since stimulation of embryos by calcium ionophore A23187 (1 /~M) triggers a large increase in light emission (Blinks et al., 1978) .
Calibration of calcium measurements with aequorin
Conversion of luminescence values into [Ca2+]i was performed using the method described by Brini et al. (1995) . This method relies upon the relationship between [Ca2+] i and the ratio (I]Imax), where I is the light intensity recorded under physiological conditions and/max, the light intensity recorded when all of the aequorin present in the cell has been discharged by addition of an excess of calcium.
Calcium measurements on animal caps
The ectoderm (animal caps) were loaded with Fluo-3 AM (Molecular Probes) according to the procedure described elsewhere (Moreau et al., 1994) . Fluorescence was detected by a CCD intensified camera (Hamamatsu, C2400-80). Images were captured at intervals of 5-10 s with 8-bit resolution (256 levels) and processed using the Argus 50 image system (Hamamatsu Photonics, Hamamatsu, Japan). Time courses of [Ca2+]i signal in definite area of the ectoderm were analyzed with the Argus 50 software. Because Fluo-3 does not permit the use of ratio measurements to determine absolute free [Ca2+] i levels, data are presented as the percentage of fluorescence variation with respect to the resting level (FIFo) .
